The fabrication of redox-active polyoxometalates (POMs) that can switch between multiple states is critical for their application in electronic devices, yet, a sophisticated synthetic methodology is not well developed for such cluster types. Here we describe the heteroanion-directed and reduction-driven assembly of a series of multi-layered POM cages 1-10 templated by 1-3 redox-active pyramidal heteroanions. The heteroanions greatly affect the selfassembly of the resultant POM cages, leading to the generation of unprecedented three-layered peanut-shaped -4, 7 and 8 -or bulletshaped -5 and 6 -structures. The introduction of reduced molybdate is essential for the self-assembly of the compounds and results in mixed-metal (W/Mo), and mixed-valence (W VI /Mo V ) 1-10, as confirmed by redox titration, UV-Vis-NIR, NMR spectroscopy and mass spectrometry. 11, the tetrabutyl ammonium (TBA) salt derivative of the fully oxidized 3, is produced as a model structure for measurements to confirm that 1-10 are a statistical mixture of isostructural clusters with different ratios of W/Mo. Finally, multilayered POM cages exhibit dipole relaxations due to the presence of mixed valence W VI /Mo V metal centers, demonstrating their potential uses for electronic materials.
The emergence of energy-related catalysis and electronic device designs demand new metal oxide materials with specific chemical compositions and structures. [1] Polyoxometalates (POMs) are a unique class of discrete molecular metal-oxides with a diversity of structures and properties, which can fulfil this urgent requirement. [2] As an important subclass, heteropolyoxometalates (HPOMs) -generally templated by heteroanions (HAs) with a variety of geometries -have attracted wide attention in recent years owing to their structural diversities and stabilities, rich electrochemistry, and appealing catalytic activities. [3] In particular, incorporation of pyramidal redox-active HAs into HPOMs not only leads to the discovery of a series of unconventional Dawson-type HPOMs, but also allows the facile tuning of redox properties arising from the intramolecular electronic interactions between encapsulated HAs and the metal oxide framework. [4] 4-/8-(n=1, 2; X= As, Bi, S, Se, HP, etc.) [5] and "Trojan horse"-type clusters [W 18 O 56 (XO 3 ) 2 (H 2 O) 2 ] 8-(X=S, Se or HP). [5a, 6] The oxidation of redox-active HAs couples with reversible multi-electron transfer to the metal oxide shells of HPOMs, resulting in interesting thermochromic behavior, structural transformation to a conventional Dawson cluster, and application in a flash memory architecture. [4b, 6] As such, it would be of interest to further develop HPOM cages incorporating multiple pyramidal HAs, enabling the potential manipulation between multiple states based on the redox behaviour of the HAs. Although multi-layered {M 30 O 90 } (M=W or Mo) clusters, incorporating both pyrophosphate and pyramidal HAs, have been reported, a general synthetic strategy is not yet developed for the assembly of such clusters based solely upon pyramidal HAs. [7] In POM chemistry, reduction is well-known for its key role in directing the self-assembly of POM clusters, as exemplified by the reduction-driven formation of giant molybdenum blue (MB) clusters, [8] including wheel-shaped {Mo 154 }, {Mo 176 }, blue "lemon" {Mo 368 }, and molybdenum brown sphere {Mo 132 }. [9] In the presence of HAs, partial reduction of the molybdate has led to the isolation of a sulfite templated mixed-valence [Mo 6-cage. [12] However, in constrast to the polyoxomolybdates mentioned above, reduced polyoxotungstates (POTs) are very labile and easily reoxidized to their fully-oxidized forms, preventing further assembly into larger architectures. However, combining reduced molybdate [Mo 2+ with tungstate led to the discovery of a mixedmetal analogue {W 72 VI Mo V 60 } of spherical {Mo 132 }, indicating the potential for introducing reduced Mo species in promoting the formation of novel POT clusters. [10] In this work we demonstrate a strategy to produce mutilayered HPOMs by introducing reduced Mo as a heterometal, resulting in a series of mixed-metal and mixed-valence (W VI /Mo V templated by mixed HAs (Figure 2 ). Compounds 9 and 10 present four-layered cage structures similar to the reported {M 30 O 90 } but, here, are solely constructed from pyramidal HAs (Figure 3 ). [7] Compound 11 is the cation-exchanged, TBA salt, derivative of 3 in its fully-oxidized state. All compounds were characterized crystallographically and the formula assignments are supported by an extensive array of analytical techniques (see Supporting Information). 10-(X=HP for 1, X=Se for 2, X=Te for 3). b) peanut-shaped cluster [X2W18O60] 4-(X=S, Se).
[ 2+ was introduced as a reduced Mo source into the well-established synthetic system for pyramidal HAtemplated POM cages (see SI for details). [11] Dark blue crystals (C 2 H 8 N) 7 (Figure 1c ). [6] Compared with these clusters, the novelty of compounds 2-are enclosed in the half-cage {M 9 O 33 } (M=W/Mo), respectively, and are displaced to occupy one side of the cluster, deviating ~1.27 Å from the centre (Figure 1a) . A similar phenomenon has also been found in the reported {W 18 O 54 (XO 3 )} (X = Bi, As, etc.) analogues.
Under more dilute conditions, decreasing the ratio of heteroanions, located in the middle and top layers, display an eclipsed arrangement with respect to one another. Interestingly, in contrast to all known cylinder-shaped POM cage clusters, compound 5 and 6 are neither olive-shaped nor peanut-shaped, but an unprecedent bullet-shaped structure with a pointed top and flat bottom (Figure 2) . Overall, the molecular structures of 5 and 6 can be considered as an integrated cluster built from {M 15 (XO 3 ) 2 } (X=Se or Te) unit in an olive-shaped Dawson and {M 9 } unit in a peanut-shaped Dawson. Due to the size restriction within 5 and 6, only two HAs are located on the two belts near the pointed end, in an eclipsed arrangement, leaving the belt near the bottom end empty. It should be noted that compounds 4-6 represent the first examples of three-layered cage-like POM clusters containing multiple HAs; the discovery of which greatly diversifies the structural library of Dawson-type clusters. More importantly, the presence of both olive-shaped and peanutshaped Dawson fragments in one moiety (5 and 6) shows the potential to build novel multi-layered clusters based on controlled aggregation of these building blocks. Moreover, the formation of 5 and 6 under the same conditions as 4 implies the electronic nature and size of the HAs also play an important role in directing the assembly of the resultant clusters. To further explore and understand the influence of HAs on the self-assembly of multi-layered POM clusters, mixed HAs of phosphite and selenite or phosphite and tellurite were introduced into the synthesis under the same reaction conditions of 4-6, resulting in two three-layered analogues (C 2 H 8 N) 10 Figure 2 ). Due to the distinctly different electronic properties and relative sizes between the two mixed HAs, they were completely differentiated and incorporated into two welldefined positions via self-sorting, a principle which has already been successfully applied in the assembly of cross-shaped POM clusters [(XYW 15 The successful isolation of a series of three-layered POM cages encouraged us to further extend multi-layered clusters. Under the same synthetic conditions of 4, a slight increase of the temperature from 50 to 65 °C led to the generation of a fourlayered cluster (C 2 H 8 N) 16 3 ]·15H 2 O (9) as a side product of 4. Compund 9 also shows an extended peanutshaped cage structure but with four belt layers capped by two {M 3 } (M=W/Mo) triads (Figure 3) . In this context, the shell of 9 could be regarded as a fusion of lacunary {M 15 2-encapsulated in 9, which are evenly disordered on the consecutive three belts from either end. Although four-layered POM cages {M 30 O 90 (P 2 O 7 ) n (XO 3 ) m } (M =W, Mo; X = HP, Se; n = 1, 2; m = 2, 0) have been reported by adopting either pyrophosphate or a mixture of pyrophosphate and pyramidal {XO 3 } as templates, [7] we demonstrate here for the first time that four-layered cages can be constructed from a single type of {XO 3 }, which not only represents a key step towards the versatile synthesis of {XO 3 }-templated multi-layered clusters but also realizes our previous hypothesis to build four-layered HPOMs based on unconventional HAs. [13] To our delight, replacing [ 2-anions distributed over the three belt layers (Figure 3 and Figure S1 ). 10b is observed for the first time and features a dimeric motif constructed from two " (Figure 3) .
[6b] The presence of both peanut-shaped and "Trojan-Horse" clusters in 10 indicate the competitive formation of these clusters during the self-assembly. Indeed, "Trojan-Horse" {Se 2 W 18 } was the predominant product after the reaction and compound 10 can only be obtained after the formation of {Se 2 W 18 }. Upon removing the crystals of {Se 2 W 18 } over several instances, dark blue 10 started to appear in the solution with relatively low yield.
All the compounds 1-10 display broad absorption bands at around 550 and 850 nm in the UV-Vis-NIR spectra due to heteronuclear transitions Mo 5+ W 6+ (see Figure S2 ). 2-under the same conditions, however, did not afford the targeted clusters but "Trojan-Horse" or "peanut" type {W 18 }. These results clearly illustrate the key role of reduced Mo species in directing the self-assembly of multi-layered POM clusters and support our assumption that all the reduced electrons are located on Mo centers.
Due to the similar chemical properties of Mo and W, Mo in principle can occupy the same metal sites on the shells of compound 1-10 together with W. Therefore, it is impossible to determine the exact sites of Mo and the ratio of Mo:W from crystal structures. The current ratio of Mo:W presented in the formulae is deduced from ICP-OES analysis, which is an average result representing a statistic combination of all the possible compositions of W and Mo in the structures, as is evidenced by ESI-MS analysis of 1-3 (see Figure S3-S5 and  Tables S5-S7 for specific assignments). [15] In order to further confirm the variable composition of W and Mo in one cluster, cation exchange was performed to exchange all the dimethylammonium in compound 3 with tetrabutylammonium (TBA), resulting in the isolation of fully oxidized (C 16 H 36 N) 5 (11). In general, the TBA exchanged analogue will exhibit better MS response in organic phase than the pristine cluster in water. Additionally, it is difficult to obtain NMR signals with high resolution when the cluster is reduced and therefore the oxidized 11 is a good candidate for NMR study. As seen in the ESI-MS spectrum of compound 11 (Figure S6 ), intact molecular species was observed in charges ranging from -5 to -3 with different compositions varying from {W 17 Mo 1 (TeO 3 )} to {W 13 Mo 5 (TeO 3 )} (see Table S8 ). This is further verified by NMR studies. As shown in Figure S7 , 125 Te NMR spectrum of compound 11 exhibits multiple peaks in the region of 1769-1779 ppm. 5− was reported to exhibit dielectric relaxation around 50-120 K that was correlated to the mixed-valence system. [16] Temperature dependent dielectric properties of compounds 3, 4 and 6 (measured using pellets) showed similar Debye-type relaxation at 50-150 K (Figure 4 and Figure S8 -S9). According to Arrhenius equations with temperature and frequency for a peak of ε 2 , activation energies of relaxation were estimated to be 0.13, 0.15 and 0.10 eV for 3, 4 and 6, respectively. These values are relatively lower than that expected for proton conduction by crystalline water. [17] Thermal motion by cation also requires higher activation energy than proton hopping. An ε 1 value reached 10 1 -10 2 upon heating to room temperature. Such a large value is indicative of enriched thermal motion of cations and proton conduction. It was deduced that rapid dipole relaxations observed around 50-150 K is due to the mixedvalence system in the multi-layered POM cages, demonstrating their potential use for electronic devices. In summary, we describe the heteroanion-directed and reduction-driven assembly of a series of multi-layered POM cages 1-10 templated by 1-3 redox-active pyramidal HAs. Compound 1-3 share the same two-layered peanut-shaped framework of {W 18 O 54 (XO 3 )} templated by one HA. Under more diluted conditions, decreasing the ratio of [WO 4 ] 2-/[XO 3 ] 2-led to the formation of three-layered cage structures 4-8 that feature either unprecedent extended peanut-shape or bullet-shaped cage structures, regulated by the HAs. This not only renews the structural library of Dawson-type clusters but also emphasizes the key role of HAs in the self-assembly. Slight increase of the reaction temperature led to the generation of four-layered clusters 9 and 10, which show four-layered cage structures similar to the reported {M 30 O 90 } but solely constructed from three pyramidal HAs. Control experiments indicated reduced Mo is essential for the self-assembly of multi-layered POM cages 4-10, and the presence of reduced Mo V and variable compositions of W and Mo in 1-10 were confirmed by UV-Vis-NIR, NMR spectroscopy and mass spectrometry. Moreover, the ESI-MS and NMR study of fully oxidized 11 further confirmed the variable composition of W and Mo in 1-10. Due to the presence of reduced Mo V centers, dipole relaxations in the multi-layered POM cages were observed, demonstrating their potential use for electronic devices. In the future, we will further extend the utility of reduced Mo species in directing the self-assembly of redoxactive POM clusters bearing more than four layers and explore their potential applications in electronic materials. Abstract: The fabrication of redox-active polyoxometalates (POMs) that can switch between multiple states is critical for their application in electronic devices, yet, a sophisticated synthetic methodology is not well developed for such cluster types. Here we describe the heteroaniondirected and reduction-driven assembly of a series of multi-layered POM cages 1-10 templated by 1-3 redox-active pyramidal heteroanions. The heteroanions greatly affect the self-assembly of the resultant POM cages, leading to the generation of unprecedented three-layered peanut-shaped -4, 7 and 8 -or bullet-shaped -5 and 6 -structures. 
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Materials and instrumentation
Materials.
Reagent-grade chemicals were obtained from Aldrich Chemical Company Ltd. and Alfa Aesar, and used without further purification.
Instrumentation.
Single Crystal X-ray Diffraction: Suitable single crystals were selected and mounted by using the MiTeGen MicroMountsTM kit with Fomblin oil. X-ray diffraction intensity data were measured at 150(2) K on Bruker Apex II Quasar diffractometers using Mo Kα [λ = 0.71073 Å]. Structure solution and refinement were carried out with SHELXS [1] and SHELXL-2014 [2] via WinGX [3] . Corrections for incident and diffracted beam absorption effects were applied using empirical methods [4] . The X-ray crystallographic data for structures reported in this article have been deposited at the Cambridge Crystallographic Data Centre, under deposition number CCDC-1885487-1885496. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
UV-Vis-NIR spectroscopy: UV-Vis-NIR spectroscopy experiments were carried out using a SPECORD S600 Analytic Jena spectrophotometer. The measurements were performed in a quartz glass cuvette with optical path length 2.0 mm.
Microanalysis:
Carbon, nitrogen and hydrogen content were determined by the microanalysis services within the Department of Chemistry, University of Glasgow using an EA 1110 CHNS, CE-440 Elemental Analyzer.
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES):
Samples were prepared in 3 mL HNO 3 / 2 mL H 2 O 2 and diluted with water to make 50 mL total volume. The relative error in the measurements is ± 3%. 
Electrospray-ionization mass spectrometry (ESI-MS):
All MS data was collected using a Q-trap, time-of-flight MS (Maxis Impact) instrument supplied by Bruker Daltonics Ltd. A Bruker Ltd cryospray source was used to collect data under the conditions specified below. The detector was a time-of-flight, micro-channel plate detector and all data was processed using the BrukerDaltonics Data Analysis 4.1 software, whilst simulated isotope patterns were investigated using Bruker Isotope Pattern software and Molecular Weight Calculator 6.45. All peak assignments were made via comparison of the experimentally determined isotopic patterns for each peak with simulated isotopic patterns. The sample solutions of 1-3 were prepared by dissolving the compounds in a water/ acetonitrile (5 %:95 %) mixture (1 mg mL
) and sample solution of 11 was prepared by dissolving the compounds in acetonitrile 1 mg mL -1 .
Nuclear Magnetic Resonance Spectroscopy:
125
Te NMR spectroscopy were recorded on Bruker AVIII 600MHz spectrometer.
Dielectric measurement: Temperature-dependent dielectric permittivity was measured using an Agilent E4980A Precision LCR meter between 100 and 310 K controlled at 0.5 K/min. The pellets were made from a powdered sample after drying. The typical applied AC voltage was 1 V, and the frequency range was 100 Hz -1 MHz.
Synthetic procedure: Synthesis of [Mo V 2O4(H2O)2]
2+ in 4 M HCl ({Mo2})
The synthesis is based on reported procedure. [5] 840 μL of hydrazine monohydrate (64-65 %) was added to a suspension of 9.2 g molybdenum trioxide in 320 mL 4 M HCl. The solution was heated at 60 o C for 3 hours.
Synthesis of (C2H8N)7H3[HPW16Mo2O60]·10H2O (1)
Sodium tungstate dihydrate (2.5 g, 7.6 mmol), phosphorous acid (0.04 g, 0.48 mmol) and dimethylamine hydrochloride (DMA . HCl) (1.2 g, 14.7 mmol) were dissolved in 20 mL water. Around 2.8 mL of {Mo 2 } was added dropwise under stirring, and the solution pH consequently reached 2.2. The solution was heated with stirring at around 50 o C for 30 mins. Cool down to room temperature, dark blue powder formed and was removed by filtration. Dark blue block crystals were isolated from the filtrate after a few days. These crystals were collected by soaking the solid using filtered mother liquid to remove further blue powder (Yield: 8.3% based on W).
Characteristic IR bands (cm 3151(b), 2980(s), 2785(w), 2451(w), 1614(m), 1462(s), 1379(m), 1249(w), 1153(w), 1066(m 
Synthesis of (C2H8N)11Na1[H3P2W21Mo3O81]·15H2O (4)
Sodium tungstate dihydrate (1.6 g, 4.8 mmol), phosphorous acid (0.04 g, 0.48 mmol) and dimethylamine hydrochloride (DMA . HCl) (1.2 g, 14.7 mmol) were dissolved in 40 mL water. Around 1.6 mL of {Mo 2 } was added dropwise under stirring, and the solution pH consequently reached 3.3. The solution was heated with stirring at around 50 o C for 30 mins. Cool down to room temperature, dark blue powder formed and was removed by filtration. Dark blue precipitates appear after a few days and were removed by filtration. Small dark blue star or rod-like crystals were isolated after three weeks. These crystals were collected by soaking the solid using filtered mother liquid to remove further blue powder (Yield: 6.3% based on W). Characteristic IR bands (cm HCl) (1.2 g, 14.7 mmol) were dissolved in 20 mL water. Around 1.5 mL of {Mo 2 } was added dropwise under stirring, and consequently the solution pH reached 2.2. The solution was heated with stirring at around 50 o C for 30 mins. Cool down to room temperature, dark blue powder formed and was removed by filtration. Blue precipitates appear constantly, and were removed by filtration. Small dark blue needle-shaped crystals were isolated from the filtrate after three months. These crystals were collected by soaking the solid using filtered mother liquid to remove further blue powder (Yield: 8.0% based on W). Characteristic IR bands (cm 
Synthesis of (C2H8N)10Na1[H1Te2W22Mo2O81]·15H2O (6)
Sodium tungstate dihydrate (7.5 g, 22.75 mmol), sodium tellurite (0.3 g, 1.35 mmol) and dimethylamine hydrochloride (DMA . HCl) (3.6 g, 44.1 mmol) were dissolved in 80 mL water. Around 9.2 mL of {Mo 2 } was added dropwise under stirring, and consequently, the solution pH reached 2.5. The solution was heated with stirring at around 50 o C for 30 mins. Cool down to room temperature, dark blue powder formed and was removed by filtration. Compound 3 formed and were isolated after a few days. Afterwards, blue precipitates appear constantly, and were removed by filtration. Finally, small dark blue rod-like crystals were isolated from the filtrate after four months. These crystals were collected by soaking the solid using filtered mother liquid to remove further blue powder (Yield: 7.5% based on W). Characteristic IR bands (cm 
Synthesis of (C2H8N)10Na1H1[HSePW22Mo2O81]·15H2O (7)
Sodium tungstate dihydrate (2.5 g, 7.6 mmol), phosphorous acid (0.02 g, 0.24 mmol), sodium selenite (0.04 g, 0.23 mmol) and dimethylamine hydrochloride (DMA . HCl) (1.2 g, 14.7 mmol) were dissolved in 20 mL water. Around 2.6 ml of {Mo 2 } was added dropwise under stirring, and the solution pH consequently reached 2.0. The solution was heated with stirring at around 50 o C for 30 mins. Cool down to room temperature, dark blue powder formed and was removed by filtration. Peanut-shaped clusters formed after a few weeks and were removed from the solution by filtration. Blue precipitates appear constantly afterward and were also removed by filtration. After two months, blue block crystals of 7 were formed and isolated. These crystals were collected by soaking the solid using filtered mother liquid to remove further blue powder (Yield:13.0% based on P or Se). Characteristic IR bands (cm 
Synthesis of (C2H8N)11Na1H1[HTePW21Mo3O81]·15H2O (8)
Sodium tungstate dihydrate (2.5 g, 7.6 mmol), phosphorous acid (0.02 g, 0.24 mmol), sodium tellurite (0.05 g, 0.24 mmol) and dimethylamine hydrochloride (DMA . HCl) (1.2 g, 14.7 mmol) were dissolved in 20 mL water. Around 2.4 mL of {Mo 2 } was added dropwise under stirring, and the solution pH consequently reached 3.3. The solution was heated with stirring at around 50 o C for 30 mins. Cool down to room temperature, dark blue powder formed and was removed by filtration. Peanut-shaped clusters formed after a few weeks and were removed from the solution by filtration. Blue precipitates appear constantly afterwards and were also removed by filtration. Dark blue block crystals were isolated from the filtrate after six weeks. These crystals were collected by soaking the solid using filtered mother liquid to remove further blue powder (Yield: 20.0 % based on P). Characteristic IR bands (cm 8- [6] appear. Dark blue needle-shaped crystals of 10 were isolated from the filtrate after two months. These crystals were collected by soaking the solid using filtered mother liquid to remove further blue powder (Yield: 11.4% based on Se). Characteristic IR bands (cm 
Control Experiments:
The synthesis of 4 was chosen as a synthetic control experiment, following the general procedure: Sodium tungstate dihydrate (1.6 g, 4.8 mmol), phosphorous acid (0.04 g, 0.48 mmol) and dimethylamine hydrochloride (DMA . HCl) (1.2 g, 14.7 mmol) were dissolved in 40 mL water. Sodium molybdate dihydrate (0.04 g, 0.16 mmol) was added to the solution. Then, 10 μL of hydrazine hydrate (64-65 %) was added to the solution dropwise, followed by adjusting the pH to 2.40 by 12 M HCl. The solution was heated with stirring at around 50 o C for 30 mins. Upon cooling down to room temperature, dark blue powder formed and was removed by filtration. The dark blue precipitates appeared after a few days and were removed by filtration again. Small dark blue rod-like crystals of 4 were isolated after one month. Alternatively, sodium molybdate dihydrate and hydrazine hydrate can be replaced by molybdenum(V) chloride (0.1 g, 0.37 mmol) under the same conditions with pH ranging from 2.5 to 3.4, which led to the formation of compound 4 as well. 8- [7] formed as the exclusive product. Similarly, if sodium molybdate dihydrate was absent, the initially reduced solution of tungstate will be gradually oxidized during the crystallization and gave rise to " Full-matrix least-squares on
Single-crystal X-ray structure determination
Full-matrix least-squares on Extinction coefficient n/a n/a n/a Full-matrix least-squares on
Full-matrix least-squares on Extinction coefficient n/a n/a n/a Figure S4 . ESI-MS spectra of 2 in water/acetonitrile (5 %:95 %) mixture solvent. Figure S5 . ESI-MS spectra of 3 in water/acetonitrile (5%:95%) mixture solvent. 
Redox titrations
The cerimetric titration was carried out using a 0.0025 M solution of Ce IV in 0.5 M of sulphuric acid as oxidant which was added dropwise to a solution of compound 1 (19.2 mg in 20 mL of H 2 Ο). After addition of 3.1 mL of the oxidant the colour of the solution turned from deep blue to light yellow along with a characteristic potential jump showed the presence of 1.82 e -which (formally) corresponds to 2 Mo V centers (theoretical value for 2 e -reduced species: 3.4 mL). The cerimetric titration of all the samples were performed in the same way, and the results are summarized as follows:
Compound Concentration (mg/50mL)
Number of electrons
Volume of the oxidant (obs) (mL)
Volume of the oxidant (cal) (mL)
